Abstract: A comprehensive review of porosity origin, microstructure peculiarities, fabrication methods, and mathematical models, as well as systematical experimental results for different porous piezoceramics with 3-0/3-3 connectivity is presented. Critical comparison of numerical FEM calculations with the results of various approximated formulas, unit cell models, and experimental data for different porous piezoceramics was carried out. Complex sets of elastic, dielectric and piezoelectric coefficients were measured by ultrasonic and impedance spectroscopy methods. Finite element modeling of effective constants of the porous piezoceramics was performed using ANSYS software package. Microstructural and physical mechanisms of losses and dispersion in porous piezoceramics, as well as technological aspects of its large-scale manufacture and application in ultrasonic transducers were considered.
A. Introduction
Large-scale production of composite materials and their intensive use in ultrasonic transducers has required overcoming not only technological problems but also psychological revolution in gospels views of technologists and designers of piezoceramic material. The refusal from former trends to manufacture highdensity, chemically perfect and structure indefectible ceramic materials and switchover to fabrication and use of "imperfect", low density and "defective" materials (lead-metaniobate ceramics, porous ceramics and composites) has required a long time [1] , [2] .
Porous piezoelectric ceramics are important for a variety of applications such as medical ultrasonic devices, nondestructive testing, underwater acoustics etc. Despite a long history and unique characteristic, so far, porous piezoelectric ceramics was not commercialized and its application in transducers and devices was restricted [2] - [5] . Intensive research and technological works as well as improvements of fabrication methods have allowed large-scale manufacture of porous piezoelectric ceramics with reproducible and controllable porosity and properties [6] , [7] .
Despite the long observation regarding pore effects on material properties, the porosity-property interrelation seems not yet clear, especially for porous piezoceramics and relative composites. To describe real porous piezoceramics it was necessary to introduce models based upon the concepts of "connectivity", "percolation", "tortuosity" and, more recently, "fractal geometry" [8] It is necessary to note, that despite of rather good conformity of some modeling parameters to experimental data, none of theoretical models truly describes a real porous piezoceramics [4] . The situation becomes even more complicated taking into account the inconsistent experimental data for different porous ceramics available in the literature [4] , [5] , [9] . It is caused by an objective technological and experimental problems (reproducibility of structure and properties, measurements of low-Q material parameters), as well as using different and frequently imperfect methods of porous ceramics fabrication and/or incorrect porosity estimations [4] , [9] .
In this work, a review and critical comparison of different mathematical models, methods of measurements and fabrication methods, as well as systematical experimental results for different porous piezoceramics is presented.
B. Experimental Results and Discussion

B.1. Methods of measurement and samples description
The basic techniques for finding material constants of piezoelectric materials are outlined in the IEEE Standard on Piezoelectricity [10] . These methods work for many of the most widely used commercial PZT piezoceramics that are high-Q M and high-coupling coefficient piezoelectric materials. However, there is a general agreement that their use in many new piezoelectric materials such as porous ceramics, piezoelectric polymers or piezoelectric composites may lead to significant errors. Furthermore, the current IEEE Standard does not comprehensively account for the complex nature of material coefficients, using only the dielectric loss factor (tan δ) and the mechanical quality factor (Q M ) to account for loss.
The PRAP automatic iterative method [11] , [12] has been applied in this work to the full set of standard geometries and resonance modes needed to complete complex characterization of a porous piezoceramics with high and moderate loss factors. PRAP software uses a generalized form of Smits' method [13] to determine material properties for any common resonance mode, and a generalized ratio method for the radial mode [14] valid for all material Q's. By analyzing on each harmonic, complex material properties as a function of frequency can be determined. The software always generates an impedance spectrum from the determined properties to indicate validity of the results.
Measurements of electric parameters were made using the Solartron Impedance/Gain-Phase Analyzer SL 1260. Sound velocity and attenuation of longitudinal waves in porous ceramic samples were measured by pulse-echo and through-transmit ultrasonic methods in the frequency range 1-5 MHz using a LeCroy digital oscilloscope and Olympus pulser/receivers with standard transducers.
A line of proprietary porous piezoelectric ceramics with 3-0/3-3 connectivity based on "soft" and "hard" PZT compositions were systematically studied in this work. Experimental samples of porous PZT piezoceramics in porosity range 0-70% have been fabricated using specially developed technology [2] , [6] , [15] . The high-Q "hard" porous piezoceramics UPC-8 (porosity 21%) and moderately low-Q "soft" porous ceramics UPC-1 (porosity 18%) were chosen for comparison between the IEEE Standard and PRAP methods of resonance measurements. Figure 2 shows impedance spectra and PRAP approximations for the thickness extensional (TE) mode of UPC-1 porous ceramic disks (Ø10 x 0.5 mm). Complex constants for a UPC-1 disks obtained using PRAP analysis for thickness and radial resonance modes as well as corresponding IEEE Standard results are summered in Table 1 . Additional physical parameters of UPC-1 porous ceramics measured by ultrasonic and hydrostatic weighting methods are as follows: Z A = 25.5 Mrayl, ρ = 6.6 g/cm3, V t = 3875 m/c, Q t M = 25, Tc=340°. It is readily observed in Tables 1 that for --PRAP was used also to determine material properties from higher order harmonics. Figure 3 
B.2. Piezoelectric resonance analysis
B.3. Porous ceramics modeling
Finite element modeling of effective constants of the porous piezoelectric ceramics based on effective moduli method was performed using ANSYS software package. FEM model of 3-0/3-3 connectivity type porous piezoceramics with the representative volume having rigid skeleton structure was used [16] . [2] , [4] , [6] . Experimental data are averages for different types of PZT porous piezoceramics with the same porosity and average pore size (30 µm). Parameters were normalized to corresponding values for dense PZT piezoceramics. (Fig.4) is obvious and is caused by infringement of quasi-rod ceramic skeleton continuity in a lateral direction (the lateral size of elements usually ten time more than the thickness). Piezoelectric modulus d 33 * for porous PZT piezoceramics in porosity range 0-70% has a minor alteration that caused by continuity of rigid "quasi-rod" ceramic skeleton in the polarization direction (sample thickness). Reduction in relative area of piezoceramic phase in this case is compensated by increase in relative pressure applied to the ceramic skeleton. An increase in measured d 33 * can be caused by the more complete polarization of porous ceramics in comparison with analogous dense piezoceramics. Changes in mechanical stress conditions for part of grains located on a pore surfaces can lead to full realization of 90° domain rotations and its subsequent freezing in soft PZT porous piezoceramics. Fig. 6 shows fully "monodomain" structure of porous ceramics grains inside a pore after polarization.
The electromechanical coupling factor k t * increases with porosity growth, coming nearer to k 33 * value (Fig.  5) , that caused by partial removal of mechanical clamping of a porous structure in lateral direction. The behavior of electromechanical coupling factor k 31 at porosity increase is determined by competing influence of piezomodulus d 31 * and dielectric permittivity ε 33 T * decrease and elastic moduli S 11 E * and S 12 E * increase according to following relation: k 31 * 2 = d 31 * 2 /(ε 33 T *S 11 E *). It is readily seen from Fig. 4 and 5 that FEM calculations based on effective moduli method taking into account real microstructure of porous piezoelectric ceramics give most adequate results that well agree with the experiment. In its turn, in view of matrix structure of porous piezoelectric ceramics, application of the selfconsistent methods such as effective medium approximation for porous piezoelectric ceramics calculation, does not allow describing experimental data satisfactorily, and results in the essential errors caused by critical phenomena near a percolation threshold. 
B.4. Full set of material constants
Complex constants of "hard" UPC-8 porous ceramics, obtained using PRAP analysis for full set of standard geometries and resonance modes needed to complete complex characterization are summered in Tables 
C. Conclusion
A line of proprietary porous piezoelectric ceramics was systematically studied. Complex sets of elastic, dielectric, and piezoelectric coefficients were measured by piezoelectric resonance analysis methods. It was shown, that at any connectivity type and porosity up to 70 % the real structures of porous piezoelectric ceramics are close to the matrix medium structure with continuous piezoelectric ceramic skeleton. Critical comparison of numerical FEM calculations with the results of various approximated formulas and experimental data for different porous piezoelectric ceramics was carried out. It was shown that FEM calculations based on effective moduli method give most adequate results and well agree with the experiment in a wide porosity range.
D. Literature
